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Introduction:

Families carrying defective breast cancer 1 (BRCA1) genes have a cumulative
lifetime risk of breast and ovarian cancer (Hall et al., 1990; Miki et al., 1994; Wooster
and Weber, 2003). BRCA1 coordinates cellular responses to DNA damage (Rosen et
al., 2003; Zheng et al., 2000a). Functions attributed to BRCA1 include chromatin
modification, ubiquitinylation, and transcription regulation. Regarding transcription,
BRCA1 has been implicated in both activation and repression (Monteiro, 2000). One
notable target is the growth arrest and DNA damage-inducible gene, GADD45 (Harkin et
al., 1999; Jin et al., 2000; Li et al., 2000; MacLachlan et al., 2000; Sheikh et al., 2000),
important in cell cycle arrest and apoptosis in response to cell stress (Sheikh et al.,
2000; Taylor and Stark, 2001). BRCA1 functions as a co-repressor of GADD45
transcription by way of interactions with a DNA-binding protein termed zinc finger and
BRCA1- interacting protein with a KRAB domain 1, ZBRK1 (Zheng et al., 2000b), a
member of the Krupple-associated box-zinc finger protein (KRAB-ZFP) family of
transcription repressors (Collins et al., 2001). The latest evidence indicates that ZBRK1
has a BRCA1-independent repressor function by way of its KRAB domain, and a C-
terminal BRCA1-dependent repressor activity, ZBRK15¢ (Tan et al., 2004).

Our goal is to develop a biosensor system to visualize transcription control by
ZBRK1 and BRCAT1 in single living and/or fixed cells. The rationale is to use integrated
DNA binding sites to obtain real time, multiplex-based data. When operational, this
system would be capable of documenting real time nuclear dynamics of ZBRK1/BRCA1-
dependent chromatin modification systems, as cells mount transcriptional responses to
genotoxins.

Body:

Included with this report is a PowerPoint Presentation for the recent Era of Hope
meeting in Philadelphia. This is provided to document the methodology and preliminary
results. Also appended is a presentation by a student, Tiffany Jones, who worked on
this project as a rotation student in my laboratory.

Negative findings are that expression of the GFP-Gal4DBD has not been found to
localize at fluorescent foci in the nuclei of any of our G-series cell lines. The expression
of ZBRK1-GFP has also not resulted in any fluorescent nuclear foci in any of the Z-
series lines. We have attempted this screen in live cells, which has lower microscopic
resolution than fixed cells, which we will try next.

Finally, our first attempt at securing funding to keep this project going was not
successful (see attached application for an Idea Award). We are currently looking for
alternative funding sources. Since this is a technology development project, there have
been, as yet, no publications.



Sharp, Zelton Dave

Key Research Accomplishments:

Key research accomplishments are the establishment of several cell lines (G-series
and Z-series documented in the Body and appended PowerPoint files. We have also
constructed a key screening reagent, GFP-GAL4-DBD, which is the green fluorescent
protein fused to the DNA-binding domain of the GAL4 activator. Also, we have finished
re-engineering ZBRK1-GFP fusion to a more modern enhanced green fluorescent
protein.

During the extension period, we have taken this approach to a biochemical level
using an array of estrogen receptor binding elements. Since BRCA1 interacts with the
estrogen receptor, this may allow us to define the interacting proteins that mediate
BRCA1 action. The reason for choosing ERE array over ZBRK1 is that the ERE-
containing promoter/enhancer is active in an in vitro transcription system; that is it is
functional and if BRCA1 will repress its activity, we will identify the proteins that mediate
this response.

Reportable Outcomes:
* UAS and ZRE array-bearing plasmids have been constructed.
* Transient and stable reporter expression have been demonstrated.
* Stable lines with G20, G40 and Z32 are on line for studies.

e Construction of fluorescent GAL4-DBD and ZBRK1 and BRCA1 derivatives are
underway.

* Development of a high throughput screening system for estrogen receptor
activated transcription complex.

Data generated:

Figure 1. ZBRK1-GFP expression
plasmid. In this experiment, a plasmid
constructed by a student, Tiffany
Jones, was being tested for
functionality. The plasmid encodes a
translational fusion of ZBRK1 and the
green fluorescent protein (GFP). The
purpose of constructing this plasmid is DAPI GFP
to test for binding to the Z-series clones

containing multimerized ZBRK1-binding sites integrated into the chromosomes. DAPI
staining identifies nuclei of three cells (one is partially in the field on the lower left) and
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green fluorescence in nuclei (right) identifies two transiently transfected cells, indicating
the expression plasmid is

working properly.

Figure 2. GAL4-DBD-GFP
expression plasmid. In this
experiment, aother plasmid
constructed by a student,
Tiffany Jones, was also being
tested for functionality. The

plasmid encodes a translational DAPI GFP
fusion of the GAL4 DNA-binding

domain and the green fluorescent protein (GFP). The purpose of constructing this
plasmid is to test for binding to the G-series (UAS) clones containing multimerized
GAL4-binding sites integrated into the chromosomes. DAPI staining identifies nuclei of
three cells (one is partially in the field on the lower left) and green fluorescence in nuclei
(right) identifies two transiently transfected cells, indicating the expression plasmid is
working properly. These images are taken from living cells.

dsRed GFP Merge

Figure 3. GAL4-DBD-GFP expression in G-series cells. In this experiment, we
conducted the first test to determine if we could visualize a nuclear focus of green
fluorescence in a one clonal line stably expressing dsRED in the cytoplasm (peroxisome
targeted) and presumably bearing an integrated UAS GAL4 array of binding sites. None
could be detected at this resolution or upon fixation and higher resolution analysis (not
shown). On the left are dsRed expressing cells, which shows peroxisome-targeted
fluorescence. The panel labeled GFP shows a transiently transfected cell expressing
GFP-GAL4-DBD, which is predominantly nuclear in location. The right hand panel
shows a merged image.

A bidirectional expression vector that contains a cDNA encoding BRCA1 translationally
fused to GFP was also completed and sequenced for verification. Transient
transfections will be used to verify the functionality of this construct.
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Figure 4. Cell-free assembly of RNA KDal
polymerase Il transcription complex by

the estrogen receptor. A prolactin array .
consisting of the promoter and EY
enhancer plus 13 repeats of the “1":
enhancer binding sites for Pit-1 and the 50
estrogen receptor (Sharp et al., 2006) 37
was used in transcription complex 5
assembly with GH3 nuclear extracts. 0
The 13X fragments and non-specific 15
DNA fragments (labeled 13X) were 19
biotinylated and linked to spreptavidin DynaBeads. In reaction # 1, dI-C (as a non-
specific competior) was used in both the binding buffer and wash buffer. In reaction #2,
dI-C was used only in the binding reaction, and in reaction #3, dI-C was included only in
the wash buffer. Lanes labeled B are DynaBeads and 13X are reactions containing
Dynabeads linked with 13X array-containing DNA. The left picture shows the silver
stained gel used to fractionate the proteins bound to beads. It appears to be split due to
a reduction in brightness and contrast in the lower segment of gel using PhotoShop. On
the right is a Western blot probed with mAB specific for Pit, antibodies for ERa. and RNA
polymerase II. This identified conditions #3, as optimal for assembly of ER-mediated
transcription complex assembly.

The proteins assembled using this approach are being investigated by mass
spectrometry by Jun Qin and Michael Mancini at the Baylor College of Medicine. They
are also being used to generate at panel of monoclonal antibodies which will be
screened using high content microscopy and Hela52X Prl array-containing cells (Sharp
et al., 2006). Eventually, we hope to apply this technological development to identify
BRCA1-associated proteins that mediate repression of the estrogen receptor.

Conclusion:

We envision our array-bearing lines as single cell biosensors for responses to DNA
damage and other macromolecular trauma. For the first time it will be possible to obtain
multiplex data both in real time and in high resolution fixed cell experiments. Thus, we
can begin putting together a comprehensive picture of the high precision chromatin
transactions involving ZBRK1 and BRCA1. This novel approach also has the potential
to be adapted for other types of damage response transactions including repair and
recombination. Finally, we think our cells will be extremely useful in high throughput
microscopic screening that is currently coming on line in several laboratories (Periman et
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al., 2004) using image cytometry. This could be important in identifying new compounds
that will either up or down regulate the genotoxic response system. Finally, we want to
combine our cell based approach with a biochemical/proteomic approach to identify
novel proteins in BRCA1-medicated repression of transcription, and in the process
develop immunological reagents for these novel proteins.
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Summary

We report a mammalian-based promoter chromosomal
array system developed for single-cell studies of
transcription-factor function. Designed after the prolactin
promoter-enhancer, it allows for the direct visualization of
estrogen receptor o (ERa) and/or Pit-1 interactions at a
physiologically regulated transcription locus. ERa- and
ligand-dependent cofactor recruitment, large-scale
chromatin modifications and transcriptional activity
identified a distinct fingerprint of responses for each
condition. Ligand-dependent transcription (more than
threefold activation compared with vehicle, or complete
repression by mRNA fluorescent in situ hybridization) at
the array correlated with its state of condensation, which
was assayed using a novel high throughput microscopy
approach. In support of the nuclear receptor hit-and-run
model, photobleaching studies provided direct evidence of

very transient ER-array interactions, and revealed ligand-
dependent changes in kgpp. ERa-truncation mutants
indicated that helix-12 and interactions with co-regulators
influenced both large-scale chromatin modeling and
photobleaching recovery times. These data also showed
that the ERa DNA-binding domain was insufficient for
array targeting. Collectively, quantitative observations
from this physiologically relevant biosensor suggest
stochastic-based dynamics influence gene regulation at the
promoter level.

Supplementary material available online at
http:/jcs.biologists.org/cgi/content/full/119/7?/7722/DC1

Key words: Nuclear receptor, Prolactin, Chromatin, Co-regulator,
Transcription, Photobleaching, Stochastics, Probabilistics

Introduction

Understanding transcription in the context of the nuclear
environment has benefited from a combination of classic
genetic systems and recent technological advances in
molecular cell biology. A major goal is to document chromatin
occupancy by transcription factors and other attendants at the
molecular level, which can then be correlated with alterations
in chromatin state and output from specific genes; however,
cell-based inquiry of mammalian chromatin is limited.
Nuclear receptors offer advantages in these pursuits because
of their well-documented role in cellular responses to
hormones.

Three experimental model systems in mammalian cells have
been used to target transcription factors to integrated DNA. The
spontaneous chromosomal integration of tandem mouse
mammary tumor virus promoters in cell line 3617 (MMTV
array) can be visualized using translational fusions of the green
fluorescent protein (GFP) and the glucocorticoid receptor (GR)
(McNally et al., 2000), the GR coactivator, GRIP-1 (Becker et
al., 2002) and other transcription factors, including coactivators
and a chromatin modifier (Muller et al., 2001). Chromosomally
amplified lac-repressor-binding sites (lac arrays) have been
used to visualize co-regulator interactions and chromatin
changes in response to expression of a lac repressor, VP16

acidic activation domain and GFP chimera (Tumbar et al.,
1999). An estrogen receptor o (ERe, herafter just called ER)
chimera (GFP-lac-ER) was also used to document large-scale
chromatin changes of the lac array in response to 17-f3
estradiol (E2) (Nye et al., 2002), and to record ligand-
influenced, dynamic-recruitment of coactivators (Stenoien et
al., 2001a). lac repeats linked to a repetitive Tet-responsive
promoter were also recently used to observe chromatin changes
in response to regulated activation of transcription (Janicki et
al., 2004). In addition, live cell data using an HIV promoter
array, and a synthetic NFkB binding site array, indicates rapid
(seconds) oscillation of a gene regulator (NFkB) on a promoter
(Bosisio et al., 2006). A general theme emerging from live
single-cell studies of nuclear receptors and coactivators in
individual mammalian cell nuclei is that their interactions
(either at bulk chromatin or at specific DNA) are dynamic, with
a half-time of residence in the order of seconds. The combined
results of these model systems have greatly advanced our
understanding of in vivo nuclear receptor (NR)-promoter,
NR-—co-regulator interactions and chromatin remodeling in
general. However, each system individually lacks the ability
to directly measure and correlate the multiple aspects of
NR-mediated transcription, and has limited ability to
assess antagonist-dependent transcriptional repression. The
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development of a single system with these multiplex
capabilities would facilitate a greater understanding of the
molecular mechanisms involved in transcription in vivo.

Our goal for the work described here was to develop a
system that allows us to analyze the live cell dynamics of ER,
including promoter interactions and associated large-scale
changes in chromatin. For this purpose, we used an integrated
array of ER synergy elements located in the enhancer of the
prolactin gene, which also contains a binding site for the POU-
class activator Pit-1. In addition to being induced in vivo by
estrogen (Carrillo et al., 1987), the prolactin gene is also
repressed by antiestrogens (Lieberman et al., 1983).
Additionally, prolactin chromatin structure was differentially
altered by agonists and antagonists (Cullen et al., 1993;
Seyfred and Gorski, 1990). Our results indicate the
establishment of a single-cell model to visualize quantitatively
the hormonal regulation of ER action and provide evidence
in support of the hypothesis that stochastic ER-promoter
interactions are crucial for transcriptional regulation.

Results

Large-scale ligand-mediated alterations in chromatin
Fig. 1 shows the DNA sequence of the prolactin promoter-
enhancer region, and the Pit-1-ER synergy element that was
multimerized in the construction of the plasmids used to
establish our stable array-bearing reporter lines. To study
large-scale chromatin changes, we treated GFP-ER-
expressing PRL-HeLa cells with ligands or vehicle before
imaging. We examined only cells with the lowest levels
of fluorescence (typically the bottom 10% population,
supplementary material Fig. S1C) to avoid overexpression
artifacts. In this experiment, we quantitatively compared GFP-
ER expression levels in PRL-HeLa cells with endogenous ER
levels in MCF7 cells. The results indicated only a slightly
greater level (<1.5-fold) of ER expression in PRL-HeLa cells
relative to MCF7. In the experiments reported here, we
ignored all transfected cells with levels of GFP-ER expression
higher than that discussed above.

A

PRL arrays responded appropriately to antagonists by tight
condensation (Fig. 2C,D), and to E2 by decondensation (Fig.
2B). E2-based decondensation contrasts with earlier results of
multimerized lac-operator DNA using a lac-repressor—-ER
fusion (Nye et al., 2002). Most striking was the degree to which
arrays condensed upon treatments with either the antiestrogens
4-hyrdroxytamoxifen (4HT; Fig. 2C) or ICI 182780 (ICI,; Fig.
2D). These data revealed a remarkable plasticity in large-scale
chromatin structure at the array, which appears similar to a
smaller scale version of chromosome puffs. For an unbiased
quantification of these responses, a high-throughput
microscopy (HTM) approach was developed and applied to
PRL-HeLa cells transiently expressing GFP-ER and treated
with vehicle, E2 or 4HT (see Materials and Methods). Vehicle-
and E2-treated cells had substantially larger size foci of
fluorescence compared with 4HT and ICI, and E2 increased
array size compared with vehicle (Fig. 2D). Time-lapse
imaging demonstrated ligand-induced changes in array
structure and illustrated real-time (minutes) decondensation
(Fig. 3A) or condensation (Fig. 3B) upon exposure to agonist
or antagonist, respectively.

Single-cell analyses of transcription by fluorescent
in situ hybridization

For biological relevance, it was important to confirm
transcriptional responses of the integrated PRL-based array to
those previously documented for various ligand treatments
in other systems. For this purpose, fluorescent in situ
hybridization (FISH) was used to assay steady-state
accumulation of reporter mRNA in response to ER expression
and ligand (Fig. 4). Compared with non-transfected controls,
there is a statistically significant higher level of array-
associated reporter FISH signal in cells expressing wild-type
ER in the absence of ligand. As expected from animal studies
of pituitary responses to E2, the FISH signal localized at the
PRL array increased at least 3.5-fold compared with vehicle
controls within 30 minutes of exposure to E2. Interestingly,
after 2 hours of ligand treatment, the level of induction was

TGAAACTATCAATACGGCATGATTTAARAARACAAGAACCAGGTCATCTGTCAGTCCAAATTCAGAAACAGTARAGCC

PRL2

AAAACTAARAGGTCACAAGCTGCTTCAGATGAATGAATCCCCAAATTARAGAAAGTCATCAGCAACTTCATTATTATTCACCATAATG

PRL1

ACATCATTTAGGAAATCTCTAAAACATGAGTGGAACTTTGGAGTGCAT TAAAAAATGCATTTTTGTCACTATGTCCT

PRL5 PRL3
AGAGTGCTTTGGGGTCAGAAGAGGCAGGCAGATAGATCATGAGGTCATAACGATTTATTTATCTATATCT

-66 1P

+1

CAGGTACCTGATTATATATATATTCATGAAGGTGTCGAAGGTTTATAAAGTCAATGTCTGCAGATGAGAAAGC

B

1
CTAGTAAAAAATGCATTTTTGTCACTATGTCCTGAGTGCTTTGGGGTCAGAGA

N e
&
&

HHE

+1

Fig. 1. PRL-based array construction and testing. (A) Sequence of the prolactin promoter (+1 to —66) with one high-affinity Pit-1-binding site
(1P, italics and underlined) and enhancer (-1807 to —1498) that contains four Pit-1-binding sites (1D-4D, italics and underlined), and five EREs
(PRL1-5, Bold text). (B) Sequence of the synergy element containing the Pit-1 1D site and two EREs (PRL1 and 5). (C) Schema showing the
essential elements of the reporter constructions. Transcription start site, proximal promoter and enhancer sequence are shown in A. X, indicates
multimerized synergy elements denoting variable numbers of repeats (8, 13, 26, 52, 104).
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Fig. 2. Ligands regulate large-scale chromatin structure. (A-D) GFP-ER was
transiently expressed in PRL-HeLa cells, and then treated with (A) ethanol,
(B) E2, (C) 4HT or (D) ICI for 2 hours prior to fixation. Decondensed arrays
are seen in vehicle- and E2-treated cells, although E2 treatment results in
further decondensation, and condensed arrays are seen in 4HT- and ICI-
treated cells. (E) Cells transiently expressing GFP-ER were treated with
either ethanol (ETOH, vehicle) or 10 nM of ligand (E2, 4HT, ICI) for 2
hours. After fixing and counter-staining with DAPI, cells were imaged and
array size was quantified using HTM as described in Materials and Methods.
Note that array size correlates positively with transcription signal obtained by
FISH (Fig. 3). For cells analyzed in A-D, n =200; for HTM, n=500.

substantially higher than vehicle (more than twofold), but was
reproducibly lower than the 30-minute treatment. Further
demonstrating the hormonal responsiveness of the array, and
correlating tightly to array size, 4HT and ICI completely
repressed basal array FISH signal in the presence of ER. In the
absence of ER, these antagonists had no effect on the array in
terms of its size or constitutive levels of transcription (data not
shown). The multiple, small FISH-signal foci in the 4HT-
treated cells (arrows, Fig. 4B) are separate from the PRL array
and were observed sporadically in cells under all treatment
conditions. Importantly, the combination of array size and
FISH data provided an early demonstration that ligand
treatments lead to expected responses to agonist
(decondensation of the array and increase in FISH signal) and
antagonists (significant condensation of the array and
undetectable FISH signal) (Figs 2 and 4, respectively). These
data, which mimic the endocrinological response (e.g. agonist
induction and antagonist repression) to hormones in the
pituitary, provided confidence for the use of the multicopy,
modified PRL promoter-enhancer in additional studies of the
nuclear dynamics of ER and association of transcription co-
regulators with the array.

Co-regulator and RNA polymerase Il targeting, and
modified histones

To further assess the biological significance of transcriptional
responses of the PRL array, we performed immunolocalization
studies using a series of antibodies directed against endogenous
transcription factors, cofactors and modified histones. The
p160 class coactivators (SRC-1 and SRC-3) accumulated over
the array (versus nucleoplasmic levels) when GFP-ER without
ligand or bound to E2 associated with the array (Fig. 5). In the
absence of GFP-ER, neither of the pl60 coactivators
accumulated over the array (Fig. 5). As expected from previous

lacER-p160 studies (Stenoien et al., 2001la), antagonist
treatment resulted in a loss in accumulation of pl60
coactivators at GFP-ER-occupied PRL arrays; interestingly,
relative to SRC-3, reduction of SRC-1 was not always as robust
with 4HT or ICI (Table 1, supplementary material Fig. S3).
Similar assays were performed for the chromatin remodeling
protein BRG1, which interacts with ER and is required by
glucocorticoid receptor for chromatin remodeling (McKenna
et al., 1999). BRG1 accumulated over the array with GFP-ER
in vehicle-treated and E2-treated cells, but was not detected at
arrays in antagonist-treated cells (Fig. 6, Table 1). Thus, each
of these factors previously identified to be important for
transcription activation appeared to have a unique signature of
receptor- and ligand-dependent accumulation over the array.
In line with constitutive activity from the integrated
transcription unit, the transcription elongation factors cyclin
T1, CDKO9 (Table 1; supplementary material Figs S4, 5) and
the large subunit of RNA polymerase II (RNAPII) (Fig. 7) each
showed array-associated targeting in non-transfected PRL-

Table 1. Summary of ER, coregulator and RNAPII
accumulation at the array

Non-
transfected ~ Vehicle E2 4HT ICI Antibody

GFP-ER - SRC-1

- - - SRC-3
- - BRG1
Cyclin T1
- - CDK9
- + RNAPII

+
I+
I+

+ 4+
+ o4+ o+ o+
+ 4+ A+ A+ o+

PRL-HeLa cells were mock-transfected or transfected transiently with
GFP-ER expression plasmids. Subsequently, the cells were treated with
vehicle or the indicated ligands (10 mM, 2 hours). +, colocalization with
GFP-ER fluorescence; —, no colocalization detected; +, partial colocalization.
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A Overlay mRNAFISH

ETOH
Non-transfected

Fig. 4. Single-cell analyses of the
transcriptional response of the PRL array to
ligands. (A,B) Cells were (A) mock-transfected
or (B) transiently transfected with GFP-ER
expression plasmid. Cells in B were treated
with vehicle or the indicated ligands (10 nM)
for 2.5 hours, processed for FISH and imaged
as described in Materials and Methods. GFP-
ER signal is shown in green, mRNA FISH
signal is shown in red. Overlay includes DAPI-
stained nuclei (blue). Two of the small multiple
foci of FISH signal in this 4HT-treated cell are
marked with white arrows. (C) The FISH
signals at the array were quantified as described
in Materials and Methods and shown as bar
graphs. Treatments (30 minutes, white bars and
2 hours, black bars) are indicated below the
graphs; ‘Non’ and ‘Transfected’ indicate mock-
and transfected cells, respectively. FISH signals
at the array were quantified in 20 cells for each
treatment as relative intensity of the cells
treated with vehicle and are shown as bar
graphs. While there is constitutive level of FISH
signal (A), it increases significantly in cells
with arrays demarcated with GFP-ER.
*P=0.007, E2-treated GFP-ER-expressing cells
at 30 minutes compared with vehicle controls.
*#P<0.001, E2-treated GRP-ER-expressing
cells at 2 hours compared with vehicle controls.
*#%P=(.0016, non-transfected cells compared
with GFP-ER-expressing cells. #P=0.0378, 30
minutes compared with cells treated 2 hours
with E2. 3P<0.001, antagonist-treated GFP-ER-
expressing cells versus vehicle controls.

DAPI

HeLa cells. By contrast, cells expressing
GFP-ER and treated or not with E2 showed
an increased accumulation of these factors
over the array. Consistent with FISH results
described above, exposure to 4HT or ICI
eliminated the accumulation of cyclin T1
and CDK9 from GFP-ER targeted arrays.
Similarly, 4HT resulted in loss of RNAPII
accumulation at GFP-ER-targeted arrays
and ICI treatment was not as effective in
abolishing RNAPII array accumulation
(Fig. 7).

We also characterized ligand-dependent
histone modifications at the PRL array by
§ immunofluorescence. Histone acetylation is
associated with estrogen receptor activation

B DAPI GFP-ER mRNAFISH Overlay
Vehicle
E2
4HT
ICI
C -
30m EM2h
35 >300% E2 induction at 30min
3
E >200% E2 induction at 2 hr
% B
T: 1.5
ol odkk
E §
0 =I=ﬁ =[=.*
NOn | veh E2 4HT IC1 i
5% Transfected

Fig. 3. Real-time visualization of alterations in chromatin structure
of the GFP-ER-targeted PRL array in response to E2 or 4HT. Time-
lapse images were obtained by deconvolution microscopy using live
cells transiently expressing GFP-ER. Ligand addition is indicated
after =0, and frames are labeled with time points after 7=0. The
images were deconvolved and those shown are projected image
stacks. (A) Typical data from PRL-HeLa cells treated with E2.

(B) Data from PRL-HeLa cells treated with 4HT. n=10 for cells
analyzed. The size bar indicates length in microns.

(Kim et al., 2001), and histone methylation
is associated with both transcriptional
activation and repression (reviewed by
Kouzarides, 2002). In cells not expressing
exogenous estrogen receptor, acetylation of histone H3 at the
array was observed (Fig. 8). This is indicative of a low level
of constitutive transcription at the array (confirmed by
colocalization with dsRed2 RNA FISH, data not shown).
Surprisingly, GFP-ER-targeted arrays with or without ligands
did not dramatically alter the levels of acetylated histone H3
array accumulation, even when highly condensed by 4HT or
ICI (Fig. 8). Similar results were obtained for transcription-
associated dimethyl-lysine of histone H3 (Fig. 9). Repression-
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ERa/SRC-3 ERa

Merged

No ERa

Vehicle

17-p-estradiol

Tamoxifen

IC1 182,780

Fig. 5. Colocalization of SRC-3 coactivator and GFP-ER at the PRL array. PRL-HeLa cells
transiently expressing GFP-ER were treated with vehicle or the ligands indicated (10 nM, 2
hours). Afterwards the cells were immunostained for SRC-3. The fluorescent signal origin is
labeled above the panels and merged images include DAPI-stained nuclei. =200 for cells

analyzed. The size bar indicates length in microns.

associated dimethyl-lysine 9 of H3 was not observed on
condensed arrays at levels above those in the nucleoplasm,
neither was acetylated histone H4 observed at the array under
any ligand condition (data not shown).

In sum, these data on association of cofactors under varying
conditions are consistent with the transcription responses
observed by reporter FISH, and suggests that the integrated
multicopy promoter-enhancer array responded to ER and its
ligands in a biologically appropriate manner, albeit with
characteristics specific for the prolactin promoter-enhancer.

Ligands affect ER mobility at prolactin array
To better confine real-time measurement of ER dynamics to a
smaller nuclear volume containing a specific transcription
locus, versus bulk nucleoplasm (Reid et al., 2003; Stenoien et
al.,, 2001b), we examined live cell dynamics of GFP-ER at
the PRL promoter array by fluorescence recovery after
photobleaching (FRAP) methods.

Initially, we transiently transfected GFP-ER and performed
a spot-FRAP analysis in both the nucleoplasm and at the array.
As in our earlier studies, with minimal media (charcoal-
stripped and dialyzed serum-containing), photobleaching the

SRC-3 nucleoplasm demonstrated that ER
mobility was extremely fast, with a half-
maximal recovery (#;) of less than 1
second. The addition of E2 or 4HT
resulted in significant reduction of ER
mobility within the nucleoplasm (E2, 5
seconds; 4HT, 4 seconds) and, as
expected, ICI immobilized ER (Table 3,
data not shown). With improved
normalization and analytical methods
(see Materials and Methods), and in
refinement of our previous work, we
report here that 4HT led to a small
but significant increase in mobility
throughout the nucleus compared with
E2.

FRAP was also used to specifically
measure mobility over the PRL array
(Fig. 10A,D; Table 2). GFP-ER recovery
was markedly slower than that of
nucleoplasmic receptor or Pit-1 (Fig.
10C). In the absence of ligand,
of GFP-ER was 12.19+1.92 seconds,
n=30, which, interestingly, was not
significantly different from that observed
in the presence of E2 (11.64+3.41
seconds, n=30). 4HT treatments
significantly increased mobility of array-
associated GFP-ER (10.56+1.70
seconds, n=30), in concert with dramatic
alterations in array size, the composition
of recruited proteins and reductions of
reporter mRNA shown above. As with
nucleoplasmic receptors, ICI
immobilized array-associated GFP-ER
(Fig. 10A,D; Table 2).

Owing to concerns that the recovery
dynamics observed at the de-condensed
arrays could have been affected by the
larger amount of bulk nucleoplasm interspersed with array
chromatin, we reduced bleach regions to an area the size of the
4HT-induced condensed arrays. Because this meant that partial
regions of larger arrays were photobleached, we refer to these
as intra-array FRAP (FRAP;ps.amray). As shown in Table 2,
FRAP;ra-array data qualitatively agreed with the FRAP results
above (absolute differences were due to different analysis
method, see Methods and Materials), and demonstrated that
differences in ER mobility were not the trivial result of
differently sized arrays or bleach regions, or to the contribution
of bulk nucleoplasmic dynamics in general.

FRAP and FRAP;,ua-amay data provided recovery rates that
represented both on- and off-rates of the photobleached
proteins. To more directly assess GFP-ER loss from the array,
we used inverse FRAP (iFRAP) (Becker et al., 2002; Dundr et
al., 2002). In iFRAP, the entire nucleus, excluding the array, is
bleached (Fig. 10B), and loss of fluorescence is directly related
to the dissociation kinetics of GFP-ER from array chromatin.
In absence of ligand, half-maximal loss (#1/5.10ss) of GFP-ER
fluorescence was 4.55+2.54 seconds, n=30) (Table 2). In
contrast to FRAP or FRAP;y-array, addition of E2 resulted in
a marked and significant (>50%, P<0.001) increase in 1/ oss
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(6.49+1.79 seconds, n=30) (Fig. 10E, Table
2).iFRAP after treatment with 4HT, however,
resulted in faster #1055 than after treatment
with E2 (4.11£0.85 seconds, n=30) (Fig, 10E,
Table 2). Consistent with FRAP analyses,
iFRAP also indicated that ICI immobilized
GFP-ER in association with the array (data
not shown).

No ERa

In vivo mapping of ER domains required

for array targeting

We next used PRL-HeLa cells to ask whether
well-defined domains of ER contribute to the
dynamics of GFP-ER interactions with array
chromatin. ER domains associated with
subnuclear localization, solubility and
mobility have been previously reported
(Stenoien et al., 2000; Stenoien et al., 2001a),
with helix-12 of the ligand-binding domain
(LBD) being implicated as a key intranuclear
regulatory interface in living cells. To test this
model with a biologically relevant, visible
chromatin locus, we transiently introduced a
GFP-ER-deletion series, including: (1) GFP-
ER»3, (AF1 with the DNA-binding domain,
DBD), (2) GFP-ERs34 (AF1, DBD and LBD
up to, but excluding, helix-12) and, (3) GFP-
ERss4 (AF1, DBD and LBD including helix-
12), Fig. 11A. In vitro and in vivo assays
showed that GFP-ERss4 retains agonist-
inducible transcription function on an
estrogen response element (ERE)-dependent
reporter (Pakdel et al., 1993), whereas GFP-
ERs» and GFP-ERs34 are transcriptionally
inactive (Tzukerman et al., 1994). In vitro,
all deletion mutants bind DNA in an
electrophoretic mobility shift assay (EMSA),
and ERs34 and ERssy4 bind ligand, whereas
ERjg;, does not.

In stark contrast to its ability to bind DNA
in EMSA, GFP-ER»g, failed to demonstrate
any detectable targeting to the PRL array (Fig. 11B). In the
presence of E2, but not vehicle, GFP-ERs34 associated with the
PRL array, further supporting the ligand-binding potential of
the truncated LBD. However, PRL arrays demarcated with
GFP-ERs34 remained condensed (Table 3) and showed no
detectable recruitment of RNAPII (data not shown).
Conversely, GFP-ERss, targeted the array indistinguishably
from wild-type ER (Fig. 11B) and responded to 4HT and ICI,
as evidenced by array condensation (Table 3).

vehicle

tamoxifen 17-p estradiol

IC1182,780

Estrogen receptor domains contribute to its
nucleoplasmic and PRL array dynamics

Our panel of mutated receptors was next analyzed for mobility
in the nucleoplasm and at the PRL array. As we have shown
previously (Stenoien et al., 2001b), GFP-ER,3, was very
mobile in the nucleoplasm and, as expected, unaffected by
ligand (Fig. 11C, Table 5). Unliganded GFP-ERs34 was also
very mobile in the nucleoplasm and was significantly reduced
by E2 (Fig. 11C, Table 4). GFP-ERss4 demonstrated slower
nucleoplasmic mobility relative to GFP-ERg, and GFP-ERs34,

Merged

ERa/BRGT ERa BRG1

Fig. 6. Colocalization of BRG1 chromatin modifier and GFP-ER at the PRL array.
Representative PRL-HeLa cell images transiently expressing GFP-ER and
immunostained for BRG1. Cells were treated and images were obtained and presented
as in Fig. 4. n=200 for cells analyzed. The size bar indicates length in microns.

consistent with a role for helix-12, and also exhibited reduced
mobility upon exposure to E2 (Fig. 10C, Table 4). At the PRL
array, GFP-ERss4 demonstrated significantly faster recovery
compared with GFP-ER in cells treated with vehicle (Fig. 11C,
Table 4), similar to its faster reorganization into nucleoplasmic
hyperspeckles after addition of E2 (Stenoien et al., 2001a). In
cells treated with E2, GFP-ERs3; demonstrated the fastest
recovery times at the array, followed by GFP-ER and GFP-
ERss4 (Fig. 11C, Table 4).

Discussion

We present here, for the first time, a direct and quantitative
evaluation of spatiotemporal issues involved in transcription
from a entirely mammalian promoter-enhancer array. The
modified PRL promoter-enhancer array responds in a
physiologically relevant manner to ER and ligands in terms of
reporter-mRNA transcription. Its activity is linked to live cell
dynamics of the receptor at the transcription locus and to
readily measurable alterations in large-scale chromatin
structure. Since ER is located predominantly in the nucleus,
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our system affords a new level of interrogation of transcription
factor interactions with an integrated locus, both in the context
of agonist-induced transcription and antagonist-induced
repression. Further, this approach demonstrates that a
transcriptional biosensor can be constructed from mammalian
promoter components and establishes the feasibility of creating
similar test systems with other types of DNA-binding factors
that mediate transactions with chromatin. In addition to being
an integrated reporter of chromatin structure-function
relationships, arrays are highly amenable to analytical tools,
including HTM as performed for this report, and should
be a harbinger for systems-biology-level-approaches to
transcription.

As we (Stenoien et al., 2000; Stenoien et al., 2001a; Stenoien
et al., 2001b) and others (Htun et al., 1999) have shown, ligand
exposure within minutes affects intranuclear targeting and
dynamics of ER, with maximal reorganization peaking at about
30 minutes. Here, we more directly observed hormonally
regulated transcriptional events at the integrated array,
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Fig. 7. Colocalization of RNAPII large subunit and GFP-ER at the PRL

array. Representative PRL-HeLa cell images transiently expressing GFP-ER

and immunostained for RNAPII. Cells were treated and images were

obtained and presented as in Fig. 4. n=200 for cells analyzed. The size bar

indicates length in microns.

including remarkable ligand-dependent size and/or density
plasticity of array chromatin marked by GFP-ER, which are
tightly correlated to the ligand-regulated activation or
repression of the array (Figs 1, 2). We are examining the
potential of using HTM in live cell experiments to capture
unbiased quantitative data on a large number of cells to assess
array-size dynamics under variable experimental conditions
similar those in Fig. 2. We currently interpret changes in array
size as a reflection of alterations in chromatin state (closing and
opening) that correlate directly with ER-mediated differences
in transcriptional output and colocalization of RNAPII and its
cofactors. The rapid loss of most of these factors from the array
in response to antagonists is mechanistically consistent with
marked changes in array size and undetectable levels of
dsRED2skl mRNA by FISH.

Our ligand-based activation and repression studies document
an interesting pattern of array-associated coactivators,
chromatin modification enzymes, transcription elongation
factors and RNAPII. Accumulation over the PRL array by
cyclin T1, CDK9 and RNAPII is specific for
transcription, be it constitutive or agonist enhanced.
One unexpected observation was the incomplete
disassociation of RNAPII from the PRL array
chromatin in cells treated with the pure antagonist
ICI. The interaction is antagonist-specific, because
4HT treatment reduced RNAPII association to
nucleoplasmic levels. As neither cyclin T1 nor CDK9
is detected at arrays in ICI-treated cells, our data
suggest that RNAPII is not activated (pre-initiation
complex), is in an abortive cycle or is perhaps trapped
with immobilized GFP-ER. The apparent association
of the p160 coactivators, SRC-1 and SRC-3 is also not
as straightforward. In our immunoassays of GFP-ER-
expressing cells, colocalization with the array by SRC-
3 appears to be strictly receptor dependent, and is
regulated by agonist (increased SRC-3) and antagonist
(dissociated SRC-3). SRC-1 colocalization, however,
appears to be receptor-dependent (with or without
agonist), and at least partially resistant to antagonist
dissociation. It will be important to extend these
immunoassays with experiments using fluorescently
tagged SRC coactivators in photobleaching and
protein-protein (FRET) studies to establish interactions
following transcriptional stimulation or repression.

Significant changes in array size and/or density do
not accompany major changes in several histone
modifications that we have assayed. Previous histone
modification studies have shown changes in acetylation
of histone H3 or H4 after targeting repetitive,
heterochromatic lac operator arrays directly with lac
repressor-activator fusions (e.g. lacVP16, lacer) (see
Nye et al., 2002; Tumbar et al., 1999). Also, a combined
lac operator and tet operator array system regulated by
tetOn also demonstrated histone modifications in cis
(Janicki et al., 2004; Tsukamoto et al., 2000). With our
studies, however, despite significant differences in array
size (Figs 1, 2), acetylation and dimethylation of lysine
4 of histone H3 is not dramatically altered in
immunofluorescence assays. Moreover, acetylation of
histone H4 over the PRL array was never observed
above nucleoplasmic levels. Finally, we examined the
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Fig. 8. Colocalization of acetylated histone H3
(acH3) and GFP-ER at the PRL array.
Representative PRL-HeLa cell images transiently
expressing GFP-ER and immunostained for
acH3. Cells were treated and images were
obtained and presented as in Fig. 4. For cells
analyzed, n=200.

repression-associated methylated histone H3
(at lysine 9) and also did not see significant
array signal above nucleoplasmic levels when
the locus was repressed and highly condensed
by 4HT or ICI (data not shown). One
possibility is that minor changes in histone
modification are not detectable by our assay,
although such changes have been documented
using biochemical approaches. Another
possibility is that chromatin on the scale
observed here may not be primarily mediated
by changes in the acetylation and/or
methylation of histones, but rather other
modifications such as ADP-ribosylation
(Tulin and Spradling, 2003), for which we are
in the process of assaying. Also, the lack of
changes may represent a form of memory in
the histone code. Indeed, we are actively
investigating the possibility of ligand-
dependent delays in large-scale chromatin
modification in hormone-switching
experiments. It is also possible that, direct
single-cell analyses give different results than
cell-population-based biochemical (ChIP)
studies that average results from millions of
cells. In this vein, the ER molecular dynamics
reported here, as with GR (McNally et al.,
2000), differ substantially (range of seconds)
from ChIP results (tens of minutes) (Metivier
et al., 2003; Reid et al., 2003; Shang et al.,
2000). Finally, it is possible that analyses
beyond 2-hour time points can more readily
show changes in histone modifications.
Development of quantitative imaging
approaches to better assess histone
modifications at the PRL-array are required to
help address this issue. Further, analyses of
similarly created, hormonally responsive
transcription biosensor lines containing other
nuclear receptor-targeted arrays will also
assist in better understanding these issues.
Accumulating evidence supports a non-
ligand-dependent transcription function for
ER (reviewed in Coleman and Smith, 2001).
Thus, whereas it was not surprising to

Fig. 9. Colocalization of histone dimethylated at
lysine residue (dimethK4) and GFP-ER at the
PRL array. Representative PRL-HeLa cell images
transiently expressing GFP-ER and
immunostained for dimethK4. Cells were treated
and images were obtained and presented as in
Fig. 4. n=200 for cells analyzed.

No ERa
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Fig. 10. ER and Pit-1 mobility over PRL array. (A) Representative time-lapse images of photobleaching and recovery of GFP-ER-targeted
arrays (FRAP). FRAP was used to examine GFP-ER at the PRL array and in the surrounding nucleoplasm (images not shown). PRL-HeLa cells
transiently expressing GFP-ER were treated with vehicle or ligands at 10 nM for 2 hours. Pre-bleach and bleach refer to cells before and after
photobleaching. Time in seconds after bleaching is indicated. (B) Representative time-lapse images of nuclear photobleaching and loss of GFP-
ER from targeted arrays (inverseFRAP). In these experiments, PRL-HeLa cells transiently expressing GFP-ER were treated with E2 (Estrogen)
or 4HT (Tamoxifen). Pre and Post refer to images acquired prior to and immediately post photobleaching; time after post-bleach is indicated in
seconds. (C) PRL-HeLa cells transiently expressing GFP-Pit-1 were analyzed by FRAP as described in A. (D) FRAP recovery curves are
shown for nucleoplasm (left) and PRL array (right) in cells transiently expressing GFP-ER and treated with vehicle (No ligand), E2, 4HT (Tam)
and ICI. The initial fluorescence immediately before the bleach was normalized to 1 and the curve starts from the time point immediately after
the bleach. Note that non-ligand-dependent interactions greatly slowed the recovery of receptor over the PRL array compared with
nucleoplasm, but E2 did not additionally decrease recovery times of GFP-ER at the array. 4HT lead to faster recovery both on and off the array.
ICI, as expected, immobilized GFP-ER in the nucleus. (E) iFRAP loss curves were obtained in a similar manner, except that prebleach values
were retained. PRL-HeLa cells transiently expressing GFP-ER were treated with vehicle, E2 or 4HT (10 nM) prior to photobleaching. The
fluorescence at the PRL array was averaged over a 60-second time frame. The initial fluorescence immediately after photobleaching was
normalized to 1 and relative fluorescence before bleaching was set to zero. kog was slower with E2 than no ligand or 4HT. n=30 for FRAP
analysis under each condition.
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frequently observe non-liganded ER interacting with the
arrays, it was interesting that unliganded receptor appeared to
mediate significantly higher level of colocalizing reporter
mRNA. Notably, there is a significant change in mobility of
unliganded GFP-ER in the nucleoplasm versus over the PRL
array (<1 second versus ~12 seconds, respectively). Ligand-
dependent activation data are consistent with an increase in the
number of cells with GFP-ER targeted arrays after treatment
with E2 (from ~75% to >99%, supplementary material Fig.
S2C).

Together, both FRAP and iFRAP data show that the
fluorescently tagged nuclear receptor ER and the POU-class
activator Pit-1 exhibit short resident times on a promoter-
enhancer-based array, similar to the GFP-GR results reported

using both the MMTV (McNally et al., 2000) and HIV array
(Bosisio et al., 2006). An advantage in this system is the
opportunity to document the molecular dynamics under
conditions of both antagonists and agonist. In the case of ER
and the PRL array, it was striking to find that ligand
significantly influenced its time of residence. Whereas FRAP
data from our lab (Stenoien et al., 2001b) and others (Reid et
al., 2003) have shown that intra-nuclear mobility of ER is
regulated by ligand, proteasome function or ATP, these data
reflect the sum of multiple interactions in the nuclear volume
that contains (spatially) few ER target genes. Nevertheless, we
were surprised that E2 did not significantly change the ‘dwell
time’ over transcriptionally active array by standard FRAP.
This result might represent a canceling out of putative, E2-
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Table 2. Summary of photobleaching results of GFP-ER

Mean t;» s.d. s.e.m. n R?
FRAP, nucleoplasm*
No ligand 0.94 0.08 0.02 18 0.890
E2 5.28 0.85 0.32 7 0.991
4HT 3.70 1.22 0.3 17 0.983
FRAP, array**
No ligand 12.19 1.92 04 23 0.936
E2 11.64 1.63 0.33 25 0.951
4HT 9.65 2.17 0.49 20 0.968
FRAP, intra-array**
No ligand 5.77 2.26 0.44 27 0.789
E2 3.46 0.97 0.21 22 0.775
4HT 2.24 0.63 0.15 18 0.780
iFRAP, array*#*
No ligand 4.55 2.54 0.397 41 0.992
E2 6.49 1.79 0.246 53 0.997
4HT 4.11 0.85 0.111 58 0.964

PRL-HeLa cells were transfected transiently with GFP-ER expression
plasmids. Subsequently, the cells were treated with vehicle or the indicated
ligands (10 nM, 2 hours). The mean half maximal (t;;) FRAP recovery or
iFRAP loss are indicated. Nucleoplasmic- and array-associated FRAP data
are indicated. Intra-array FRAP indicates recovery of defined regions of the
focus of fluorescence, which was done in an attempt to control for size
when comparing FRAP data obtained from condensed arrays in 4HT-treated
cells.

*P<0.001, significant difference between all treatment conditions;
*#P<0.05, significant difference between E2 and 4HT, and between no ligand
and 4HT; *#*P<0.001, significant difference between E2 and no ligand, and
between E2 and 4HT.

mediated changes of (1) on- and off-rates of DNA-binding, (2)
ER dimerization, (3) protein recruitment or, (4) proteasome-
mediated turnover. Although we addressed potential trivial
caveats of array size influencing mobility values using
FRAP;ra-amay. We feel it is clearer to interpret ligand effects
using the more focused kopr data obtained from iFRAP. Our
results from this approach show that the array dwell time is
significantly increased after E2 treatment compared with
vehicle or 4HT. This would be consistent with E2 promoting
productive (additional) interactions at target promoters rather
than increasing promoter binding. Differential GFP-ER array-
dwell-time might represent assembly and disassembly of the
focal and, probably very transient, nuclear receptor complexes,
representing important mechanistic steps in regulating
transcription and associated large-scale chromatin alterations.
We interpret these live cell findings of activation- or repression-
associated ER to be an important extension of the previously
supported hit-and-run model of transcription activation by

Table 3. Summary of PRL array size in cells transiently
expressing GFP-ER and each of the GFP-ER-deletion

mutants
Vehicle E2 4HT 1CI
GFP-ER Decondensed Decondensed Condensed Condensed
GFP-ER (1-282) n.a. n.a. n.a. n.a.
GFP-ER (1-534) n.a. Condensed  Condensed Condensed
GFP-ER (1-554) Decondensed Decondensed Condensed Condensed

Cells were treated with vehicle or ligand (10 nM, 2 hours). Condensed and
decondensed refers to arrays with the appearance shown in Fig. 2C,D and 2B,
respectively.

n.a. indicates no accumulation of mutated GFP-ER at the PRL array.

ligand-activated GR at the MMTV array (McNally et al.,
2000). We also noticed significant agreement in the beaded
morphology of activated and extended PRL loci (Fig. 1,
supplementary material Fig. S1) with those bearing the MMTV
array (Muller et al., 2001).

Our results using truncated receptors show that the GFP-
ERjg, (AF1 plus the DNA-binding domain) is not detectable
at the PRL array, suggesting that the DBD is not sufficient for
in vivo access to native ER-response elements in a
chromosomal environment. Helix-12 appears to be required,
presumably for fostering productive ER-protein interactions
and array decondensation. We noticed that the rate of nuclear
mobility of ER appears to be directly related to the number of
functional domains present. The same correlation has been
noticed for receptor residency time at the PRL array. The
observations that GFP-ERs34 interacts with the array only in
the presence of E2, and the array remains condensed (and
presumably inactive, ie. no RNAPII recruitment) are
consistent with previous in vitro and transient transfection data
on this truncated receptor. This underscores the biological
relevance of the PRL array-containing cell lines for future
studies of ER-Pit-1 synergistic interactions.

Collectively, the data support a stochastic model of nuclear
function (Misteli, 2001; Vermeulen and Houtsmuller, 2002)
because fast (and regulated) ER exhibits altered exchange rates
at the chromosomally integrated PRL array. As such, these
results do not necessarily support the canonical view of pre-
formed, stable holo-complexes recruited to promoters as the
principal mechanism of transcription regulation but rather
suggest that complex formation can be highly transient in
living cells, and stochastically assembled (Peterson, 2003)
influenced by probabilistic interactions. Our current efforts
focus on documenting the highly dynamic nature of these
interactions and quantitative multiplex read-outs of NR
function, particularly through high-throughput screening
technologies using high resolution and automated microscopy
(Perlman et al., 2004).

Materials and Methods

Prolactin Pit-1 ID-ERE concatemer and reporter constructions
We generated cell lines bearing integrated rat prolactin (PRL) promoter-enhancer
that contain no viral or bacterial components (e.g. entirely mammalian regulatory
elements). Advantages of PRL control elements for this purpose are: (1) they are
well characterized in terms of binding and transcriptional activation by Pit-1 and
ER (Barron et al., 1989; Cao et al., 1987; Crenshaw et al., 1989; Day et al., 1990;
Howard and Maurer, 1995; Ingraham et al., 1990; Mangalam et al., 1989; Nelson
et al., 1988; Smith et al., 1995), (2) they are responsive to 17-f estradiol (E2)
through transcriptional synergy by Pit-1 and ER (Day et al., 1990; Day and Maurer,
1989; Holloway et al., 1995; Nowakowski and Maurer, 1994; Seyfred and Gorski,
1990), (3) they were useful in some of the original work to characterize
transcriptional downregulation by the antiestrogen 4-hyrdroxytamoxifen (4HT)
(Gothard et al., 1996; Jordan et al., 1988; Lieberman et al., 1983; Seyfred and
Gorski, 1990) and, (4) alterations of their chromatin structure in response to E2
(Cullen et al., 1993; Durrin and Gorski, 1985; Durrin et al., 1984; Gothard et al.,
1996; Malayer and Gorski, 1995; Maurer, 1985; Seyfred and Gorski, 1990; Willis
and Seyfred, 1996) and 4HT (Gothard et al., 1996; Liu and Bagchi, 2004; Seyfred
and Gorski, 1990) are well studied.

The design of the Pit-1-ERE array began with a prolactin promoter enhancer
construct (pDm66/Enh) originally described by Smith et al. (Smith et al., 1995),
which consists of a transcriptional fusion of a short region (—66 to +1) of the
prolactin (PRL) promoter containing the transcription start site and a high-affinity
Pit-1-binding site (1P, Fig. 1A) driving expression of a luciferase (Luc) reporter.
Linked upstream is the native distal enhancer of prolactin (~1807 to —1498) that
contains four Pit-1 binding sites, 1D, 2D, 3D and 4D (Nelson et al., 1988), and
five EREs (Day et al., 1990; Day and Maurer, 1989; Holloway et al., 1995;
Nowakowski and Maurer, 1994; Seyfred and Gorski, 1990), PRL1-5 (Fig. 1A).
This construct was stably integrated into the chromosomes of HeLa cells (HeLa-
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GFPER(1-534)
Vehicle Fig. 11. ER domains required for PRL array
targeting. (A) Schematic of ER functional
GFPER(1-534) domains with residue coordinates of the
E2 10nM 2 hours deletion mutants used in these experiments.
(B) Representative images of GFP-ERg»,
GFP-ERs534 and GFP-ERj5s4 colocalized with
GFPER(1-554) endogenous RNAPII or acetylated histone
E2 10nM 2 hours H3 by immunofluorescence. Each truncation
was transiently expressed in PRL-HeLa
RNA Pol Il cells and treated with vehicle or E2 (10 nM,
C 2 hrs) as indicated. GFP-X refers to the GFP
L signal captured from each receptor. DAPI
12 indicates counterstained nuclei. (C)
10 Comparison of GFP-ER and GFP-ER
g . truncation mobility within the nucleoplasm
g or the array. PRL-HeLa cells were treated
~ 8 with vehicle or E2. Bulk denotes recovery
Foa times in the nucleoplasm and array
e identifies recovery times at the PRL array.
8 Half-time of recovery was determined and is
ER282 ER534 ERS54 ER ER282 ER634 ERS54 ER ERS64 ER  ER534 ERS54  ER shown as a bar graph (see Materials and
Vehicle Vehicle Vehicle Vehicle —E2 E2 E2 E2  Vehicle Vehicle E2 E2 E2 Methods). n=30 for FRAP analysis under
Bulk Bulk Bulk Bulk Bulk Bulk Bulk Bulk Array  Array  Array  Array  Array each condition,

PRL-dm66-Enh, e.g. 1XPRL) and tested for Pit-1-ER synergy by transiently
expressing one or both of these activators. As expected, expression of Pit-1 or ER
alone results in increased levels of luciferase activity over background (seven- or
fourfold, respectively, supplementary material Fig. S1B). Interestingly, ER
activates this construct in the absence of Pit-1 and E2, which is consistent with
GFP-ER interactions with the PRL-integrated array below. In the absence of
hormone, exogenous expression of both Pit-1 and ER lead to an approximately
twofold induction of luciferase activity compared with that promoted by Pit-1
alone, which increased to a fourfold induction in the presence of E2. These data
are in agreement with previous experiments (Day et al., 1990; Day and Maurer,
1989; Holloway et al., 1995; Nowakowski and Maurer, 1994; Seyfred and Gorski,
1990), and indicate that this unit would serve well as an integrated reporter in HeLa
cells carrying a visible array.

To construct the array-containing plasmids to establish the cell line used in this
paper, we first added one unit of the ER-Pit-1 ‘synergy element’ (Fig. 1B) onto the
5'-end of the native enhancer. This element contains one Pit-1-binding site and two
ERE:s (1D, overlapping a full, imperfect site PRL1 and an inverted half site, PRLS,
respectively). This complex-binding site (Fig. 1B) was previously shown to be cruial

for the transcriptional synergy mediated by Pit-1 and ER (Nowakowski and Maurer,
1994). The relevant parts of plasmid pI X-PRLLuc, are shown schematically in Fig.
1C. In a separate cloning vector (pBS), reiterative cloning steps generated p2X, 4X,
8X, in which X refers to the number of element repeats in the array. A recombination
event generated 13X and subsequent reiterative cloning generated 26X, 52X and
104X. These arrays were transferred into the PRL-Luc plasmids to test for
functionality. Transient-transfection assays confirmed the qualitative functionality
of three of these constructs (13X, 26X and 52X) with respect to transcription
promoted by GFP-Pit-1 (supplementary material Fig. S1A). For integration into the
chromosomes of HeLa cells, the Luc reporter was replaced with dsSRED2-SKL
fluorescent protein, which is similar to the CFP-SKL reporter protein used
previously by Spector and co-workers (Tsukamoto et al., 2000). The SKL peptide
represents the amino acids that target proteins to peroxisomes; in our hands, the
signal of the dsRED2 reporter is much brighter than that of CFP, and allows an
additional color to be used in labeling studies. Here, we describe results from
analyses of one of our clonal HeLa lines (number 23) harboring the p52X-
PRLdsRed2-Ser-Lys-Leu (SKL) plasmid, referred to throughout this manuscript as
PRL-HeLa cells.

Table 4. Summary of photobleaching results comparing GFP-ER- and GFP-ER-truncation mutants

Nucleoplasm vehicle Nucleoplasm E2 Array vehicle Array E2
tp ER282 ER534  ER554 ER ER282 ER534  ER554 ER ER554 ER ER534  ER554 ER
Mean 0.45 0.93 2.54 0.94 0.46 3.59 5.16 5.28 9.33 12.19 8.12 12.79 11.64
s.e.m. 0.06 0.13 0.27 0.02 0.05 0.40 0.37 0.32 0.60 0.40 0.72 0.52 0.33
n 10 10 10 30 10 10 10 30 20 30 10 20 30

Half-time of recovery within the nucleoplasm (7,5, in seconds) is shown for ER282, ER534, ER554, and ER in vehicle and E2 (10 nM) treated cells. Array
associated 1/, is shown for ER534 (E2 treatment only), ER554 and ER (vehicle and E2 treatments).

s.e.m., standard error of the mean recovery times; n, number of cells examined
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FISH and Southern analyses of PRL-HelLa cells

DNA fluorescent in situ hybridization (FISH) confirmed the integration of the
transgene array (e.g. PRL array) that showed an intranuclear focus of signal (Fig.
2B). Colocalization of GFP-ER-Pit]1 with DNA-FISH and RNA-FISH focus signals
also confirmed the integration of the promoter array and demonstrated protein-DNA
interaction and transcriptional activity, respectively (Fig. 2B). Quantitative Southern
blotting indicated approximately 200-300 copies of p52X-PRL-dsRED2skl
integrated into the HeLa genome (data not shown). These data indicate that the
p52X-PRL-dsRed2-SKL-hygro vector integrated into the HeLa genome at a specific
locus to form a promoter array that is transcriptionally active and visible through
interaction with GFP-ER and/or GFP-Pit-1.

ER and Pit-1 interact with the PRL array separately

To determine whether GFP-ER or GFP-Pit-1 individually interact with the PRL
array, single transfections of PRL-HeLa cells were performed. These experiments,
originally carried out in OptiMEM (growth-factor-containing minimal essential
medium) containing charcoal-stripped serum, showed both GFP-ER and GFP-Pit-
1 can target the array individually. To properly assess ligand (ER) or growth factor
(Pit-1) stimulation, we grew cells for a minimum of 48 hours in hormone-free
stripped and dialyzed serum and DMEM (Dulbecco’s modified Eagle’s medium).
Quantitative examination of the number of cells expressing Pit-1 alone (GFP-tagged
or untagged) indicated inefficient targeting to the array under hormone-free
conditions (data not shown). These data suggest an influence of cell signaling
pathways on GFP-Pit-1 interactions with the PRL array, which is consistent with
previously reported Pit-1 transcription assays (Xu et al., 1998).

In contrast to GFP-Pit-1, GFP-ER was capable of targeting the arrays in ~75%
of the cells in hormone-free medium. Interestingly, E2-treatment (2 hours at 1078
M; a time and ligand concentration used throughout these studies) resulted in
virtually all transfected cells demonstrating targeted arrays by GFP-ER (Fig. 2C).
Consistent with our observations in the screens above, when CFP-Pit-1 was co-
expressed with YFP-ER in PRL-HeLa cells cultured in hormone-free medium or
in OptiMEM with serum, Pit-1 was found to target together with ER at the array
(Fig. 2). Thus, in this system, under conditions of minimal global cell signaling,
the data indicate that Pit-1 and ER can simultaneously interact with array
chromatin. In the experiments reported below, we concentrated on ligand-
dependent observations of ER at the array.

Immunolabeling

Antibody labeling was performed as described previously (Stenoien et al., 2000)
using 4% formaldehyde fixation (30 minutes) and indirect labeling with Alexa
Fluor-488, -546 or -633 (Molecular Probes) conjugated secondary antibodies. Since
the majority of antibodies had previously been mapped to the nuclear compartment,
we were able to perform localization experiments without confusing the well-
defined dsRED2skl peroxisome signal with antibody label, even when using
secondary antibodies with overlapping spectra. DAPI (1 pg/ml) was used to label
DNA prior to mounting in Slow Fade (Molecular Probes). Affinity-purified rabbit
antibodies against SRC-1 and SRC-3 were a kind gift of Jeimin Wong (Baylor
College of Medicine, Houston, TX); cyclin T, cdk9, BRG-1, RNAPII large subunit,
acetylated histone H3 and dimethylated histone H3 (K4 and K9) were obtained from
Abcam or Upstate Biotechnology and all used at 1 pg/ml for 1 hour at room
temperature or overnight at 4°C.

Fluorescent in situ hybridization (FISH)

The methods used here, including procedures for non-isotopic probe preparation
and fluorescent in situ hybridization, have been published in detail elsewhere
(Johnson et al., 1991; Tam et al., 2002). Briefly, coverslips with adherent cells were
rinsed twice in PBS, dipped in cytoskeleton (CSK) buffer (100 mM NaCl, 300 mM
sucrose, 3 mM MgCl2, 10 mM PIPES pH 6.8) (Fey et al., 1986), extracted on ice
for 5 minutes in CSK buffer containing 0.5% Triton X-100 and 2 mM vanadyl-
ribonucleoside complex (VRC; Gibco-BRL), rinsed in CSK-VRC buffer, fixed in
4% paraformaldehyde with PBS for 10 minutes, rinsed again in PBS and stored in
0.4% paraformaldehyde at 4°C until use.

Probes substituted with biotin-labeled deoxynucleotides were made by
modifications of standard nick-translation procedures (Tam et al., 2002). For
hybridization to DNA, cells were first denatured by incubation in 0.07 M NaOH,
70% EtOH for 5 minutes. This incubation denatures the DNA prior to hybridization
and removes RNA. RNA hybridization refers to samples in which the cellular DNA
was not heat-denatured, leaving it inaccessible for hybridization. Hybridization to
RNA or DNA was carried out overnight at 37°C in rehydration buffer (2 mM VRC,
2 mg/ml BSA, 0.05 g/ml Dextran, and 2X SSC) containing 5 p.g/ml probe and 50%
formamide. After incubation, samples were rinsed in a dilution series of NaCl-Na-
citrate (SSC) buffers, analysed for biotin using streptavidin-conjugated Alexa Fluor-
594 (Molecular Probes, Eugene, OR) and rinsed in a dilution series of PBS. Where
indicated, cells were counter-stained with 1 mg/ml DAPI (Sigma, St Louis, MO).
Coverslips were then mounted on slides in Vectashield (Vector Laboratories,
Burlingame, CA).

To quantify FISH signals, a 20 plane 128 X128 (pixels), 0.2 pm Z-stack was
collected (constant 100-millisecond exposure). A circular region containing the

array was selected and a region of the same size was used to select the background
nucleoplasm. Total array associated FISH signal was determined by quantifying the
cumulative intensity of the array region after sum projection and background
subtraction.

Fixed-cell- and time-lapse-imaging

XFP-fusions and immunofluorescently labeled cells were imaged using a
DeltaVision Restoration Microscopy system (Applied Precision, Issaqua, WA) and
applying a constrained iterative deconvolution process. Whole nuclear volumes
were collected at 0.2 wm Z-steps, and images from select focal planes or 3D-
projections were imported into Adobe PhotoShop. Histogram adjustments were
made relevant to negative controls, which routinely included non-transfected cells
and/or omission of primary antibodies. Live imaging was performed by collecting
short Z-stacks (~5-10 focal planes at 300-nm increments); neutral density for the
green channel was set at 50% and the images were binned 2X2. Typical exposures
were for <1 second, and time points from 3-10 minutes per stack. Projected images
from each time point were used to create a QuickTime movie.

Live cell imaging

Cells were grown in 35-mm Delta T dishes (Bioptechs) and secured to a stage
adapter for temperature control. HEPES-buffered media was gassed overnight in a
5% CO; incubator, and circulated through the Delta T dish using a Bioptechs
peristaltic pump and inflow-outflow tubing. The temperature was controlled to 37°C
(+ ~0.1 degree); a Bioptechs objective-heating collar was also used (also 37°C). The
Delta T dish was covered with a black plastic lid, with room for input-output tubing.
For time-lapse imaging, a 63X objective (NA=1.4) was used.

Photobleaching parameters and calculations

For imaging, PRL-HeLa cells were plated and transfected in Delta T dishes. Live
cell microscopy was performed using a Zeiss 510 confocal microscope using the
488-nm laser line of the argon laser at 75% of maximal power. In all experiments
cells were maintained at 37°C and fresh media containing the appropriate ligand
was cycled over the cells. All imaging was done with a 63X objective (NA=1.4)
with pinhole set at either 4 Airy units (Au) (FRAP and FRAP;ya-array) 0or 10 Au (i-
FRAP). Scanning was bidirectional at the highest possible rate using a 3.5X zoom
with laser power attenuated to 1% of bleach intensity. For all experiments, cells
were selected for low levels of GFP-ER expression to limit experimental artifacts.
For FRAP experiments, a single pre-bleach image was acquired followed by ten
iterative bleach pulses of a total duration of 530 milliseconds using a circular bleach
region of interest (ROI) of the diameter of either 32 pixels for large arrays or 18
pixels for small arrays. Single-section images were collected every 250 milliseconds
for 60 seconds. Relative fluorescence signal in the bleached region was determined
by two sequential normalization steps using the mean ROI (/,) bleach signals and
the mean nucleus bleach signals (N)):

IIN) (Vi=Vinin)

1 V= 2 .
(1 preblmrh/ N, preblmrh) (Vmw( - Vmin)

Pre-bleach values are not used in the second normalization step. Half-time of
maximal recovery was determined by fitting a logarithmic equation to the recovery
curve and determining the value of ¢ when y=0.5 using the Excel curve-fitting
function. Inverse-FRAP (i-FRAP) experiments were performed in a similar manner
except that three iterative bleach pulses were used for the total duration of 600
milliseconds, with a bleach ROI containing the whole nucleus, excluding the array.
Relative fluorescence and half-time of loss were also determined in a similar manner
except pre-bleach values were retained.

For FRAP;ya-array €Xperiments, five pre-bleach images were collected followed
by a single bleach pulse of 220 milliseconds using a circular bleach ROI of the
diameter of 13 pixels. Single-section images were collected every 500 milliseconds
for 75 seconds. The relative fluorescence signal in the bleached region was
determined as above. The unbinding-rate constant and half-time of recovery was
calculated by fitting a single-term exponential equation (/- ") to the recovery curve
(see Lele et al., 2004 for detailed methods).

Quantitative image analyses by HTM

PRL-HeLa cells transiently expressing GFP-ER were treated with 10 nM E2, 4HT,
or ICT for two hours, fixed and DAPI-stained. Cells were imaged using the Cell Lab
IC 100 Image Cytometer (Beckman Coulter) with a Nikon 40X Plan S Fluor 0.90
NA objective. Two channels were imaged: channel 0 (DAPI) was used to find the
focus and nuclei and channel 1 was used to image GFP-ER. A proprietary algorithm
(GPCR) developed at Beckman Coulter was used to identify and quantify the GFP-
ER targeted PRL array. The parameters for the GPCR algorithm were: object scale
= 30 and minimum peak-height = 10. Foci identified by the GPCR algorithm are
masked. The area of the mask in pixels is the measure of PRL array size. Channel
1 was offset 2 microns from the DAPI focus for cells in all treatment conditions.
This offset provided the greatest number of in focus arrays identified by the GPCR
algorithm. After image acquisition and application of the GPCR algorithm the total
cell populations for each treatment were progressively filtered (gated) using the



Sharp, Zelton Dave

Quantifying ER function in single cells 15

same criteria. Nuclei clusters, mitotic cells and apoptotic cells were filtered from
the total cell population using an intersection of DNA-content and DNA-cluster
gates. In addition, low GFP-ER—expression gates and low aggregate-number-gates
were generated and applied to produce the final cell population to be analyzed. From
the final population of cells, the array size was determined using the GPCR mask.
The images and masks were visually inspected for accuracy. Unpaired Student’s 7-
tests assuming equal variance were performed to determine statistical significance
(two-tailed, P<0.05).
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